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ABSTRACT
The mechanisms causing millimeter-wave polarization in protoplanetary disks are under debate. To disentangle the
polarization mechanisms, we observe the protoplanetary disk around HL Tau at 3.1 mm with the Atacama Large
Millimeter/submillimeter Array (ALMA), which had polarization detected with CARMA at 1.3 mm. We successfully
detect the ring-like azimuthal polarized emission at 3.1 mm. This indicates that dust grains are aligned with the
major axis being in the azimuthal direction, which is consistent with the theory of radiative alignment of elongated
dust grains, where the major axis of dust grains is perpendicular to the radiation flux. Furthermore, the morphology
of the polarization vectors at 3.1 mm is completely different from those at 1.3 mm. We interpret that the polarization
at 3.1 mm to be dominated by the grain alignment with the radiative flux producing azimuthal polarization vectors,
while the self-scattering dominates at 1.3 mm and produces the polarization vectors parallel to the minor axis of the
disk. By modeling the total polarization fraction with a single grain population model, the maximum grain size is
constrained to be 100 µm, which is smaller than the previous predictions based on the spectral index between ALMA
at 3 mm and VLA at 7 mm.
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1. INTRODUCTION
The millimeter-wave polarization of circumstellar
disks is a powerful tool to investigate the grain prop-
erties. However, the mechanisms that produce the
millimeter-wave polarization are under debate.
There have been two mechanisms proposed that can
explain millimeter-wave polarization in protoplanetary
disks: the alignment and scattering of dust grains. The
polarized thermal dust emission has been used as a
tracer of magnetic fields in scales of molecular clouds and
star-forming regions (e.g., Lai et al. 2001, 2002; Girart
et al. 2006, 2009; Rao et al. 2009; Stephens et al. 2013;
Hull et al. 2013, 2014; Cortes et al. 2016; Planck Collab-
oration et al. 2016; Ward-Thompson et al. 2017) or cir-
cumstellar disks around Class 0-I protostars (Rao et al.
2014; Segura-Cox et al. 2015). It is considered that the
major axis of elongated dust grains is aligned with the
direction perpendicular to magnetic fields with a help
of radiative torque (e.g., Lazarian & Hoang 2007). In
protoplanetary disks, if the dust grains are aligned with
magnetic fields, the polarization fraction is expected to
be high enough to detect with interferometers (Cho &
Lazarian 2007; Bertrang et al. 2017). However, there
were many attempts to detect polarized emission from
protoplanetary disks around Class II or III protostars,
which resulted in non-detections (Hughes et al. 2009,
2013). It has recently been pointed out that dust grains
in disks may not align with magnetic fields but with
radiation fields (Tazaki et al. 2017).
The other possibility of the polarization mechanisms is
the self-scattering of the thermal dust emission (Kataoka
et al. 2015). If the grain size is comparable to the wave-
lengths, scattering-induced polarization can produce 2-
3 % polarization from protoplanetary disks. If it is the
case, we can constrain the grain size from the polariza-
tion fraction. Together with dust coagulation theory,
we can test the grain growth theory with polarization
observations (Pohl et al. 2016).
There have been two resolved detections of mm-wave
polarization for disks that are Class I or older. The first
detection was made on the protoplanetary disk around
HL Tau with CARMA at 1.3 mm and SMA at 0.87 mm
(Stephens et al. 2014). The polarization vectors are par-
allel to the direction of the minor axis of the disk. This
morphology has been first interpreted as complex mag-
netic fields dominated by toroidal components (see also
Matsakos et al. 2016). However, the polarimetric image
can also be interpreted with the self-scattering (Kataoka
et al. 2016a; Yang et al. 2016). The other polarization
detection is from the disk around HD 142527, which
has conspicuous asymmetric ring emission of dust con-
tinuum at the wavelength of 0.87 mm (Kataoka et al.
2016b). The polarization vectors are mainly directed
radially, but are directed azimuthally in the outer re-
gion of the disk. The flip of the polarization vectors are
expected from the self-scattering theory (Kataoka et al.
2015). This confirms that the self-scattering is work-
ing on the protoplanetary disk. However, it does not
exclude the possibility of the grain alignment.
To disentangle the mechanisms between the grain
alignment and self-scattering, multi-wave polarization
observations are essential. The wavelength dependence
of the polarization fraction is not strong in the case of
the grain alignment while it is strong in the case of the
self-scattering because the scattering-induced polariza-
tion is efficient only when the maximum grain size is
around λ/2pi where λ is the wavelengths (Kataoka et al.
2015).
To obtain the wavelength-dependent polarimetric im-
ages, we observe the HL Tau disk with Atacama Large
Millimeter/submillimeter Array (ALMA) with using
Band 3. HL Tau is a young star in Taurus molecular
cloud with the distance of 140 pc (Rebull et al. 2004).
The circumstellar disk is around in ∼ 100 AU scale
(Kwon et al. 2011). The disk has several ring and gap
structures with tens of AU scales (ALMA Partnership
et al. 2015). The observed band corresponds to wave-
lengths of 3.1 mm, which is sufficiently longer than the
previous CARMA polarimetric observations at 1.3 mm
(Stephens et al. 2014).
2. OBSERVATIONS
HL Tau was observed by ALMA on October 12,
2016 during its Cycle 4 operation (2016.1.00115.S, PI:
A.Kataoka). The antenna configuration was C40-6, and
41 antennas were operating. The correlater processed
four spectral windows centered at 90.5, 92.5, 102.5, and
104.5 GHz with a bandwidth of 1.75 GHz each. The
bandpass, amplitude and phase were calibrated by ob-
servations of J0510+1800, J0423-0120, and J0431+1731,
respectively, and the polarization calibration was per-
formed by observations of J0510+1800. The raw data
were reduced by the EA-ARC staff.
We further perform the iterative CLEAN deconvolu-
tion imaging with self-calibration to improve the image
quality. We employ the briggs weighting with the robust
parameter of 0.5 and the multiscale option with scale pa-
rameters of 0, 0.3, 0.9 arcsec. The beam size of the final
product is 0.45′′ × 0.29′′, corresponding to ∼ 63 × 41
AU at the distance of 140 pc to the target. The rms for
Stokes I, Q, U is 9.6, 6.9, 6.9 µJy, respectively.
3. RESULTS
The top panel of Fig. 1 shows the polarized inten-
sity in color scale overlaid with polarization vectors 1,
and the contour represents the continuum emission. The
bottom panel of Fig. 1 shows the polarization fraction
1 We plot the polarization vectors not scaling with the polariza-
tion fraction but written with the same length because this allows
for the polarization morphology to be more obvious. However,
the reliability depends not on the polarization fraction but on the
polarized intensity.
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Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is 3.1 mm. The top panel shows the polarized
intensity in color scale, the polarization direction in red vectors, and the continuum intensity in the solid contour. The vectors
are shown where the polarized intensity is larger than 5σPI. The contours corresponds to (10, 20, 40, 80, 160, 320, 640, 1280)×
the rms of 9.6 µJy. The bottom panel shows that the polarization fraction in color scale, polarization vectors in red, and the
same continuum intensity contours as the top.
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in color scale and the others are the same as the top
panel. Due to the lower spatial resolution than the long
baseline campaign (ALMA Partnership et al. 2015), the
multiple ring and gap structure of the continuum is not
resolved. The total flux density is 75.1 mJy, which is
consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).
We successfully detect the ring-like polarized emis-
sion at 3.1 mm. The polarized intensity has a peak
of 145 µJy/beam, which corresponds to 21 sigma detec-
tion with the rms of 6.9 µJy. The peak of the polarized
intensity is not located at the central star but on the
ring. We see three blobs on the ring but it may be due
to the interferometric effects. The polarized intensity at
the location of the central star is lower than the other
regions. We interpret this structure as beam dilution
of the central region where polarization is expected to
be azimuthal and thus canceled out to each other. The
polarization fraction is around 1.8 % on the ring.
The flux densities of the entire disk are −39.7 µJy for
Stokes Q and −40.6 µJy for Stokes U. Therefore, the in-
tegrated polarized intensity is PI =
√
Q2 + U2 − σ2PI =
56.4 µJy. Dividing the total polarized intensity by the
total Stokes I, we obtain 0.08 % for the total polarization
fraction. The instrumental polarization contamination
of the ALMA interferometers is the polarization fraction
of 0.1 % for a point source in the center of the field or
0.3 % within up to the inner 1/3 of the FWHM (see
the technical handbook of ALMA. More discussion is
found in Nagai et al. 2016). The derived polarization
fraction of the integrated flux corresponds to the case of
the point source. Therefore, the upper limit of the in-
tegrated polarization fraction of the HL Tau disk at 3.1
mm by our observations is 0.1 %. The low total polar-
ization fraction means that we could not have detected
polarization if we had not resolved the target.
4. DISCUSSIONS
4.1. Comparison with the previous observations
To interpret the polarization emission from HL Tau,
we compare the ALMA results with the previous ob-
servations. We show the CARMA polarization obser-
vations by Stephens et al. 2014 in Fig. 2(a), where
we show the polarization vectors, while the original pa-
per presents vectors rotated by 90 degrees to show in-
ferred magnetic fields (i.e., if polarization is due to grains
aligned with the magnetic field). For the comparison, we
smooth the ALMA observations with the beam size of
0.65′′×0.56′′ and PA of 79.5 degrees, which is the beam
size of the CARMA observations (Stephens et al. 2014),
as shown in Fig. 2(b).
The 3.1-mm polarization morphology with our ALMA
observation is completely different from that at 1.3 mm.
At 1.3 mm, the polarization vectors show the direction
parallel to the minor axis. At 3.1 mm, however, the
polarization vectors show the circular pattern.
To interpret the strong dependence of the polariza-
tion on the wavelengths, we consider three possibilities:
alignment by magnetic fields, alignment by radiation
anisotropy, and self-scattering of thermal dust emission.
Figure 3 shows the schematic illustration of the polariza-
tion vectors with the three different mechanisms. Figure
3 (a) shows the case of the grain alignment with toroidal
magnetic fields (e.g., Cho & Lazarian 2007). As we ex-
pect the major axis of the grains is aligned perpendicular
to the magnetic fields. In the existence of the toroidal
magnetic fields (e.g., Brandenburg et al. 1995), the po-
larization vectors are in the radial direction. Figure 3
(b) shows the case of the grain alignment with radia-
tion anisotropies (e.g., Tazaki et al. 2017). The flux
gradient is in general in the outgoing radial direction.
Considering that the major axis of the grains is per-
pendicular to the flux gradient, the polarization vectors
should be in the azimuthal direction. Figure 3 (c) shows
the case of self-scattering (Kataoka et al. 2015, 2016a;
Yang et al. 2016). The flux coming parallel to the ma-
jor axis is much stronger than that parallel to the minor
axis. This leads to the polarization vectors parallel to
the minor axis 2.
In the case of HL Tau, the 3.1 mm polarimetric im-
age is consistent with case (b), which is the alignment
with the radiation anisotropy. The polarization vectors
are essentially perpendicular to that expected for case
(a), and thus we can rule out grain alignment with the
toroidal magnetic fields at 3.1 mm. However, we cannot
rule out the grain alignment with the poloidal magnetic
fields. In the case of 1.3 mm image, however, we inter-
pret it with (c) the self-scattering of the thermal dust
emission, which provides the polarization vectors paral-
lel to the minor axis. However, there could be also some
contributions of (b) the alignment with the radiation
fields to the polarization, which enhances the polariza-
tion vectors at the north-west and south-east regions
(along the major axis) while decreases the polarization
fraction at the north-east and south-west regions (along
the minor axis).
The wavelength dependence in the polarization frac-
tion in the case of the self-scattering is strong (Kataoka
et al. 2015) while it is weaker in the case of the grain
alignment. Therefore, the most natural interpretation
is that the alignment with the radiation fields provides
the axisymmetric azimuthal polarization vectors on both
wavelengths while the self-scattering dominates at 1.3
mm.
4.2. Modeling the scattered components
2 While we plot the polarization vectors at the central part of
the disk (Kataoka et al. 2016a), the polarization vectors might
become azimuthal at the outer edge of the disk because the flux
gradient is stronger than the quadrupole components (Pohl et al.
2016; Yang et al. 2016)
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Figure 2. Comparison of the polarization images between λ = 1.3 mm (CARMA Stephens et al. 2014) and λ = 3.1 mm
(ALMA, this observation). The ALMA image is smoothed to have the same beam size of CARMA, where the beam size is
0.65′′ × 0.56′′ with the PA of 79.5 degrees. The color scale represents the polarized intensity while the grey contours represent
the continuum emission. The levels of the grey contours are (10, 20, 40, 80, 160, 320, 640, 1280) × σI where σI = 2.1 mJy/beam
for the CARMA data and σI = 0.017 mJy/beam ALMA data.
(a) alignment with toroidal magnetic fields (b) alignment with radiation fields (c) self-scattering
Figure 3. Schematic illustrations for the differences of polarization vectors of each mechanism of polarization of thermal dust
emission. The major axis is in the horizontal direction. Note that each panel represents E-vectors. (a) Grain alignment with
the toroidal magnetic fields. (b) Grain alignment with the radiation fields. (c) Self-scattering of the thermal dust emission
By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction across HL Tau.
If we integrate the polarization all over the disk, the
axisymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz
2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114×p and
the polarization vectors are parallel to the major axis.
We have already discussed that the upper limit of
the total polarization fraction is 0.1 % at 3.1 mm with
our ALMA observations. The polarization fraction with
SMA is reported to be 0.86±0.4% at 0.87 mm (Stephens
et al. 2014). Note that the detection was 2 sigma signifi-
cance, which might be an upper limit of the polarization
fraction while we use the reported value in Stephens
et al. 2014 in this paper. We calculate the total de-
gree of polarization observed with CARMA at 1.3 mm
with the data reported by Stephens et al. 2014, which is
0.52± 0.1%.
6 Kataoka et al.
102 103 104
wavelength [µm]
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
to
ta
l 
p
o
la
ri
za
ti
o
n
 f
ra
ct
io
n
 [
%
]
CARMA
SMA
ALMA (Band 3)
scat (amax = 50 µm) + align
scat (amax = 70 µm) + align
scat (amax = 100 µm) + align
scat (amax = 150 µm) + align
Figure 4. The total polarization fraction as a function of the observed wavelengths. The total polarization fraction is derived
by integrating each Stokes I, Q, and U component. The curves represent the prediction of the HL Tau disk with the self-
scattering model where the maximum grain sizes are amax = 50, 70, 100, and 150 µm (Kataoka et al. 2016a) and with the
radiative alignment model. The dashed, solid, and dotted lines represent the models with the local alignment efficiency of
p = 0, 1.8, 3.6%, respectively.
Figure 4 compares that the theoretical prediction and
the observational results of the total polarization frac-
tion. The contribution of the self-scattering is estimated
as P = CP90ω, where C is the calibration factor set to
be 2.0 %, P90 is the polarization efficiency for the scat-
tering angle of 90 degrees in a single scattering, and ω is
the albedo (Kataoka et al. 2015, 2016a). This prediction
is confirmed to match the results radiative transfer cal-
culations of the polarization due to the self-scattering
within the error of 50 % (Kataoka et al. 2016a). The
dust grains are assumed to be spherical and have a
power-law size distribution of n(a) ∝ a−3.5. We vary
the maximum grain size amax for amax = 50, 70, 100 and
150 µm. The contribution of the radiative alignment
is estimated in three cases where the local polarization
fraction is p = 0, 1.8, and 3.6%. We choose p = 1.8%
for the fiducial case based on our observations, but the
local polarization fraction could be higher if the spa-
tial resolution is better or smaller if it is diluted by the
beam. Then, we obtain the contribution to the total
polarization fraction of 0.114 × p = 0, 0.21, and 0.41,
respectively.
To explain the results of SMA and CARMA, the self-
scattering is essential. In the case of amax = 50 µm,
the expected polarization fraction is too low to explain
the observations because the albedo is too small at
the wavelengths of 0.87 and 1.3 mm. In the case of
amax = 150 µm, on the other hand, the polarization
fraction is too high to explain the SMA, CARMA, and
ALMA observations. In the case of amax = 70 µm, if
the contribution from the radiative alignment is small
in the range of 0 < p < 1.8%, the observations can be
explained. However, if the local alignment efficiency pro-
duces p > 1.8%, the total polarization fraction is more
than 0.1 % at 3.1 mm, which is not consistent with the
upper limit of the ALMA observations. In the case of
amax = 100 µm, the combination of the self-scattering
and the radiative alignment greatly explains the whole
observations. Therefore, we conclude that the maxi-
mum grain size is constrained to be amax = 100 µm
from the polarimetric observations of SMA, CARMA,
and ALMA.
4.3. Dust grains in the HL Tau disk
The opacity index of dust grains with amax = 100 µm
is the same as the interstellar medium or higher, which
corresponds to β ∼ 1.7 or more for the standard mixture
of silicate, water ice, or carbonaceous materials (e.g.,
Miyake & Nakagawa 1993; Ricci et al. 2010). However,
the HL Tau disk has been observed at 7 mm using VLA,
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and spectral index between 3 mm with ALMA and 7
mm with VLA is around 3.0 (Carrasco-Gonza´lez et al.
2016). The continuum emissions at 3 mm and 7 mm are
optically thin, and thus the opacity index is β ∼ 1.0,
which is not consistent with the value inferred from our
polarization observations.
One possibility that could resolve this problem would
be to consider two dust population. One dust polariza-
tion consists primarily of small grains (10s of µm in size)
that dominate the polarization in the disk. The second
dust population primarily consists of large grains (100
µm in size) that produce significant continuum emission
but negligible scattering at these wavelengths.
Introducing porosity does not solve the problem. The
absorption opacity at millimeter wavelengths is deter-
mined by mass-to-area ratio (Kataoka et al. 2014). To
explain the small opacity index, we need more massive
aggregates if we consider porous dust aggregates. On
the other hand, the scattering properties at long wave-
lengths are determined by the size of the whole aggre-
gates (Tazaki et al. 2016; Min et al. 2016). Therefore,
the dust aggregates larger than amax = 100 µm pro-
duces much more degree of polarization emission at 3.1
mm, which is not consistent with our observations.
Another possibility is to change the constituent mate-
rials that determine the refractive index at the millime-
ter wavelengths. The grain size constraints from the
polarization are mainly determined by the wavelength
dependence of the albedo, which is determined by the
combination of the grain size and observed wavelengths,
which does not so much change even if the refractive in-
dex is changed. On the other hand, the opacity slope of
the dust grains is proportional to the imaginary part of
the refractive index at the observed wavelengths. There-
fore, it is possible to reconcile the problem by consider-
ing a different mixture of grains than those commonly
assumed (e.g., Woitke et al. 2016).
There are still plenty of parameters that could affect
the total polarization fraction: wavelength dependence
of the alignment efficiency, optical depth effects, or verti-
cal structure of the disk, etc. Further detailed modeling
should be done in future papers.
The small grain sizes that are required to produce the
polarization by scattering has huge implications on the
mechanisms to form the ring and gap structures of the
HL Tau disk (ALMA Partnership et al. 2015). The in-
ferred grain size suggests that the grains are more cou-
pled with the gas than grains with size of 1 mm or larger.
For example, the disk turbulence should be extremely
weak because the dust settling is required to reproduce
the geometrically thin dust disk (e.g., Pinte et al. 2016).
Furthermore, there are some scenarios that requires the
dust to be decoupled from the gas such as trapping dust
grains at gas pressure bumps produced by planets (Dip-
ierro et al. 2015) and the secular gravitational instability
of the gas and dust disk (Takahashi & Inutsuka 2014).
In the case of the sintering-induced fragmentation at
around snowlines, the grain size is determined by the
fragmentation properties (Okuzumi et al. 2016), which
is not tested with various parameters. The mm-wave
polarization requests these scenarios to produce 100 µm
grains.
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